Abstract: Vehicle-related particulate matter (PM) emissions may arise from both exhaust and non-exhaust mechanisms, such as brake wear, tire wear, and road pavement abrasion, each of which may be emitted directly and indirectly through resuspension of settled road dust. Several researchers have indicated that the proportion of PM2.5 attributable to vehicle traffic will increasingly come from non-exhaust sources. Currently, very little empirical data is available to characterize tire and road wear particles (TRWP) in the PM2.5 fraction. As such, this study was undertaken to quantify TRWP in PM2.5 at roadside locations in urban centers including London, Tokyo and Los Angeles, where vehicle traffic is an important contributor to ambient air PM. The samples were analyzed using validated chemical markers for tire tread polymer based on a pyrolysis technique. Results indicated that TRWP concentrations in the PM2.5 fraction were low, with averages ranging from < 0.004 to 0.10 µg/m 3 , representing an average contribution to total PM2.5 of 0.27%. The TRWP levels in PM2.5 were significantly different between the three cities, with significant differences between London and Los Angeles and Tokyo and Los Angeles. There was no significant correlation between TRWP in PM2.5 and traffic count. This study provides an initial dataset to understand potential human exposure to airborne TRWP and the potential contribution of this non-exhaust emission source to total PM2.5.
Introduction
The sources of PM2.5 vary spatially with long-range transport sources generated mainly from secondary PM and local sources generated mainly from combustion processes associated with industrial operations and road transport [1] . A recent literature review of various PM2.5 local source apportionment studies conducted in 51 different countries concluded that 25% of urban ambient air pollution from PM2.5 is contributed by traffic, 15% by industrial activities, 20% by domestic fuel burning, 22% from unspecified sources of human origin, and 18% from natural dust and salt [2] . Both primary and secondary PM were accounted for in the analysis and the contribution was dependent on the source. For example, the researchers generally apportioned traffic sources by primary PM emissions and the unspecified sources of human origin based on secondary PM emissions. PM2.5 also varies spatially and temporally.
Over the last 20 years, environmental agencies worldwide have enacted regulations, including those for motor vehicles, in an effort to reduce the emissions of PM2.5; and, indeed, a decline is observable in areas with established monitoring networks. For example, in the U.S., from 2000 to 2016, the nationwide levels of PM2.5 have decreased 42%; with the vast majority of the measurements below the national standard of 12 µg/m 3 since 2012 [3] . In Europe (EU-28), the emissions of primary PM2.5 decreased by 16% from 2003-2012 [4] .
Vehicle-related PM emissions may arise from both exhaust and non-exhaust mechanisms, such as brake wear, tire wear, and road pavement abrasion. Several researchers have indicated that the proportion of vehicle traffic attributable to PM2.5 will come increasingly from non-exhaust sources, due to additional regulations limiting vehicle exhaust emissions [5, 6] . The current and future contributions of non-exhaust sources have been evaluated primarily through indirect methods such as various receptor-modeling approaches or air dispersion modeling paired with emission inventories. A recent literature review of non-exhaust emissions reported more than 250 estimates of contribution to ambient air PM [7] .
When tires interact with the roadway surface, tire and road wear particles (TRWP) are produced, containing both the tread rubber and embedded road material ( Figure 1 ) [8, 9] .
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City Selection
To select the cities for inclusion in this study, data were assembled for large urban areas in Europe, Asia, and the United States. A selection matrix was developed to identify cities based on several criteria including, levels of ambient PM2.5, traffic loads, population density, and local regulatory actions to reduce PM2.5. The data were assembled from the peer-reviewed literature as well as publicly available databases, such as the United States Census, Japan's Ministry of the Environment Air Pollutants Wide Area Monitoring System, and the European Environment Agency Interactive Air Pollution Database [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Based on the literature review, 20 cities were evaluated for inclusion in the sampling program. For logistical reasons, the study had to be limited to sampling in three cities. As such, each city was prioritized based on having a population greater than 1 million people (as an indicator of potential significant traffic impacts), average PM2.5 concentrations > 20 µg/m 3 , and regulations targeted at reducing PM2.5. In Europe, five cities were considered, including Barcelona, London, Milan, Paris and Rome, with London being ultimately selected. In Japan, six cities were considered, including Nagoya, Osaka, Tokyo, Saitama City, Yokohama, and Kyoto, with Tokyo being ultimately selected. In the U.S., three cities were considered, including Atlanta, Los Angeles and New York City, with Los Angeles ultimately selected.
Sample Location Selection
Within each city, the specific sampling points were chosen in collaboration with local field sampling teams using geospatial data from Geographical Information System (GIS) as well as other available data, including traffic counts and historical PM2.5 levels. Site selection criteria included the presence of identifiable traffic and historical presence of high PM2.5 levels where possible, approaching an average daily concentration of 20 µg/m 3 , in order to achieve sufficient mass loading on the sampling filters (i.e., 1 mg in total particulate mass) to provide TRWP detection limits in the range of 260 µg/g [25] . As such, the total PM2.5 concentrations and sampling durations were an important consideration. In addition, to be representative of locations where people are exposed to traffic pollution, the sites were located near homes, parks, schools, and businesses. All air samples were collected near the roadside, and the distance from road was dictated by logistical constraints such as security of the equipment and available power sources. For London only, an urban background site was also included.
In London, the equipment was co-located at established sampling sites, which are part of the London air quality research network. Similarly, in Los Angeles, the South Coast Air Quality Management District (SCAQMD) allowed equipment to be co-located within their existing sampling sites. However, one location, the Exposition Park site, was not part of their network; as such, the sampler was simply placed at the fence line nearest to the roadway. In Tokyo, all samplers were placed roadside on available property after permits were granted; none were co-located with existing monitoring stations.
Filter-Based Air Sample Collection
Sampling was conducted in July 2014 (Los Angeles), September 2014 (Tokyo), and between February and March 2015 (London). Details of the sampling locations are presented on Table 1 . All of the samples were collected using low volume air samplers and in accordance with US EPA reference method 40 CFR part 50, Appendix J [26] . A pilot study was conducted in Los Angeles to understand the volume of air required to optimize PM loading on the air filters. Based on historical PM2.5 data for the locations, it was estimated that 48 h of sampling time would be necessary. As such, in greater Los Angeles the air samples were collected using BGI PQ 200 samplers (Mesa Labs, Butler, NJ, USA) with a PM2.5 inlet, an average flow rate of 16.5 lpm and an average total air volume of 44 m 3 . Based on results obtained from Los Angeles where TRWP was non-detect in four of six sampling sites, it was evident that the sampling duration of 48 h was insufficient. Therefore, in London and Tokyo, the sample duration was increased to 72 h. The London air samples were collected using Thermo Partisol 2025 samplers (ThermoFisher, Waltham, MA USA) with an average flow rate of 17.4 lpm and an average total air volume of 75.3 m 3 . Similarly, the samples collected in greater Tokyo were collected Thermo Fisher 2000 FRM samplers (ThermoFisher, Waltham, MA USA) with an average flow rate of 16.7 lpm and an average total air volume of 95.3 m 3 . Also, PM10 samples were added to several of the sampling locations in London and Tokyo using samplers equipped with PM10 inlets. All, samples were collected on 47 mm quartz filters, because this type of filter does not interfere with the pyrolysis method used for polymer detection. All filters were acclimatized and weighed, pre and post collection, and shipped to the Chemical Evaluation Research Institute (CERI) in Tokyo, Japan, for TRWP analysis.
Sample Analysis
The air samples were analyzed for TRWP concentrations using methods described previously [25, 27] . The analytical technique is based on the characteristic fragments generated by the thermal decomposition of the tire tread polymers that include styrene butadiene rubber (SBR), butadiene rubber (BR) and natural rubber (NR). Briefly, the method consists of the following steps: the tread rubber polymers in environmental samples undergo thermal decomposition at 670 • C by Curie-point pyrolysis; next, the thermal decomposition products are separated using a gas chromatograph (GC); and finally, the pyrolysis fragments are quantified with mass spectrometry (MS). In Curie-point pyrolysis, the sample is wrapped in a ferromagnetic pyrofoil, heated to temperature by induction heating in less than 0.2 s, and heated for a period lasting 5 s; all conducted in a helium atmosphere. This procedure generates reproducible characteristic fragments of thermal decomposition. The tread polymers are quantified using internal standard calibration of the characteristic fragment ions consisting of dimers formed from the raw polymers through pyrolysis. Dimer fragments are selected because they have good specificity for tread rubber polymers (i.e., SBR, BR and NR), whereas both anthropogenic and natural organic substances are also sources of monomeric fragments. Specifically, pyrolysis of SBR and BR produces the dimer, 4-vinylcyclohexene, which is not known to have other significant environmental sources, and for natural rubber (NR) dipentene, is produced. Although dipentene is the right-handed isomer of (+)-limonene, which is naturally occurring in citrus fruits and used as a fragrance in cleaning and cosmetic products, the dipentene (mixture of isomers) pyrolysis fragment elutes from the GC at a distinctly different time than (+)-limonene and therefore is distinguishable from limonene sources in the environment.
An internal standard is used in the sample analysis to increase the reliability and reproducibility of quantitative pyrolysis-GC/MS analysis compared to the less complex external calibration analysis [28, 29] . Calculation of the TRWP concentration based on the polymer markers was conducted based on total tread polymer content of approximately 25% [8] . Tread contains approximately 50% polymer; therefore, tread particle concentration (where calculated) is 2-fold lower that TRWP concentrations.
A method detection limit (MDL) study was completed according to the US EPA standard methods. For air, the detection limit varies with mass of PM collected but was 260 µg/g for whole quartz filter loaded with 1 mg of particulate. Typically during this procedure an aliquot of 1/3 of the filter is analyzed to provide an archive for future analyses with a resultant detection limit of 780 µg/g. In this study, this method was followed for the PM10 filters, as well as for the PM2.5 filters from London and Tokyo. However, due to the small amount of mass collected on the Los Angeles PM2.5 filters, the entire filter was pyrolyzed and a lowered calibration curve used in an effort to detect the polymers at the lower concentrations. For the polymer dimers, the detection limit, on a µg/m 3 basis, ranged from 0.001-0.16 (PM2.5 samples) and 0.007-0.18 (PM10 samples). The concentration of the tread in PM was calculated using the dimer concentrations. If both polymers were not detected, the tread concentration was calculated using the sum of the polymer limits of detection (LODs); if one polymer was detected, the tread concentration was calculated using the sum of the measured concentration of the detected polymer and 1/2 LOD for the second polymer.
Statistical Analysis
The data were evaluated using the Analysis of Variance (ANOVA) and regression models to identify differences among the cities and trends in determinants of TRWP concentrations between sampling locations and cities. The determinants evaluated included: sample location; population density; average daily traffic count; distance from the road, height of sampler from the road; other pollutants such as nitrogen oxides (NO, NOx) and black carbon; as well as weather parameters including average wind speed, wind direction, humidity, temperature, and total precipitation over the sampling period. Significant pairwise differences were identified using the Tukey multiple comparison test. Due to the high percentage of samples that were below the limit of detection (LOD), the regression on order statistics (ROS) method was used to impute values for the censored data based on the assumption of a lognormal distribution using the USEPA (2013) ProUCL version 5.0 software (USEPA, Washington, DC USA). In addition, because the data had lognormal distributions these the ANOVA and Tukey multiple comparison tests were performed on the log transformed data.
Results and Discussion
Air Concentration of TRWP and Tread in PM2.5
The results of the PM2.5 air sampling campaign are presented in Table 2 . In total 80 samples were analyzed, and the TRWP detection frequencies ranged from 0-100%. The lowest detection frequencies were recorded in Los Angeles, with four of the six locations showing no detections. Two of the samples (one in Exposition Park and one in Mira Loma) were declared invalid because the samplers shut down soon into the pre-programmed sampling time, and there was insufficient mass on the other filters. The total ambient PM2.5 levels were low in Los Angeles during sampling days, which was surprising due to the historical levels recorded in the area for the same time of year. Nonetheless, the total PM2.5 concentrations measured in this study were similar to those reported by the SCAQMD for the same dates [30] . Based on the Los Angeles sampling results, it was determined that sampling duration should be increased further for Tokyo and London, in order to better ensure sufficient collection of mass for analysis. As a result, the detection frequencies were higher in those two cities.
As shown on Table 2 , the TRWP made a small contribution to total ambient PM2.5 levels, representing 0.1-0.68% of the total PM2.5 across all locations. The range of concentrations of TRWP were 0.012-0.29 µg/m 3 in London, 0.010-0.1 µg/m 3 in Tokyo, and 0.004-0.072 µg/m 3 in Los Angeles. The highest concentrations were recorded at the Blackwall Tunnel Approach in London (mean 0.104 µg/m 3 and range (0.03-0.29 µg/m 3 )) where significant braking activity occurs before the tunnel portal which creates more tire wear abrasion than constant speed driving. The highest TRWP PM2.5 concentration measured in Tokyo was at the Kawasaki Industrial Road location, which had the highest traffic count of the Tokyo sites. In both Tokyo and London, the traffic composition was dominated primarily by passenger car and light duty vehicle traffic, with truck traffic generally comprising less than 20% of the total traffic. One exception was Kawaskai Industrial Road, where the truck traffic accounted for nearly 43% of the traffic.
Some researchers report their findings as the amount of tread, not TRWP, in PM. As such, Table 2 also shows the tread contributions. These levels were estimated based on an approximate two-fold difference between polymer content in tread (~50%) and TRWP (~25%) [12] . The averaged contributions of tread to PM2.5, as calculated in our study, ranged from 0.06-0.25% (London); 0.05-0.17% (Tokyo); and 0.05-0.34% (Los Angeles). These values are significantly lower than the 1-3% by mass contribution to PM2.5 estimated by earlier researchers using receptor modeling approaches or extrapolation of elemental composition [10, [31] [32] [33] [34] [35] [36] [37] [38] [39] . Although predictive models are generally developed so as to not underestimate exposures, one to two orders of magnitude difference between measured and modeled values indicates a need for additional empirical data. Urban background samples were collected in London only, at the North Kensington location. This long-running monitoring site has been used as a representative background monitoring site for London in epidemiological studies, to understand processes affecting London's air pollution, and assessment of the effectiveness of air quality management policies [40] [41] [42] [43] . Figure 2 shows same day comparisons between the North Kensington site and the other roadside sampling locations. As indicated, there was little difference in TRWP concentrations measured at the roadside locations versus North Kensington. Although considered an urban background location, the site is situated adjacent to a parking lot and therefore subjected to vehicle related emissions. Further, as observed by other researchers, airborne PM2.5 is not necessarily correlated to local traffic volume, rather, regional sources and meteorological conditions are often stronger influences [44, 45] . 
Air Concentration of TRWP and Tread in PM10
PM10 samples were collected at two sites in Japan, and at three sites in London (Table 3 ). The TRWP detection frequency was high (100%), and none of the samples were determined to be invalid. This high detection frequency may be explained both by the high levels of PM10 (ranging from 21-53 µg/m 3 ) and by the longer sampling periods used in these cities thereby ensuring the filters were more heavily loaded. Additionally, particles arising from surface abrasion mechanisms are typically found in the coarse fraction, so it is not surprising to detect TRWP in PM10. Overall, the average concentration of TRWP in PM10 was 0.92 µg/m 3 ; with a range of 0.095-1.91 µg/m 3 . The average contribution to PM10 by TRWP was 1.9%, with a range of 0.45-2.48%. The highest levels of TRWP in PM10 were sampled at Brent, North Circular (4.48 µg/m 3 ) and the Blackwall Tunnel Approach (3.24 µg/m 3 ). These TRWP PM10 concentrations were higher than those measured in our previous studies and although the reason is not clear, we hypothesize that with respect to the Blackwall Tunnel Approach, the higher concentrations may be a result of a combination of both very high traffic counts and the amount of braking that occurs at a tunnel approach [12] . 
PM2.5/PM10 Ratios
Examining the PM2.5/PM10 ratio can be useful for source apportionment and also to estimate pollutant concentrations, when one or the other has not been measured. For London and Tokyo, where both PM2.5 and PM10 sampling was conducted, the ratios of total PM2.5 to total PM10 ranged from 0.08 (Greenwich Blackheath) to 0.60 (Tokyo Ring Road No. 8). In general, ratio values lower than 0.6 indicate that re-suspended soil-dust, long distance dust transport, coal mining and processing industries and other mechanical activities were likely to be contributors to the particulate matter levels recorded [46, 47] . In examining the ratio of TRWP in PM2.5/TRWP in PM10, the values ranged from 0.01 (Brent North Circular) to 1.00 (Tokyo Ring Road No. 8) (Figure 3) . The majority of our calculated ratios were less than 0.2 thus indicating that airborne TRWP are generally in the coarse fraction. However, one ratio (1.00, Tokyo Ring Road No. 8) indicated that the PM10 concentration of TRWP was only in the PM2.5 size fraction during the sampling event. Recently, Grigoratos et al. [48] reported that in a road simulator laboratory where the size distributions of PM emitted during the rolling of tires on pavement were measured in real time using Dust Traks and Aerodynamic Particle Sizer (APS), the PM2.5/PM10 ratios were approximately 0.5. However, these measurements represent all PM in the laboratory air including indoor laboratory air dust, TRWP and pavement particulate.
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Based on the results of ANOVA, the TRWP levels in PM2.5 were significantly different among the three cities (p < 0.00001) with significant pairwise differences between London and Los Angeles (p < 0.00001) and Tokyo and Los Angeles (p = 0.003). When comparing sampling sites within each city, there were no significant differences between sampling sites for London (p = 0.145) and Tokyo (p = 0.071). However, there were significant differences among the sampling sites for Los Angeles (p < 0.00001) with the Pico Rivera sampling site having significantly higher concentrations than the other sampling sites (p = 0.00026 to p = 0.002). This is not surprising given that this is the sampling site with the highest detection frequency (4/4) of all of the Los Angeles sampling sites.
For all three cities, there were no statistically significant correlations between TRWP in PM2.5 and other pollutants such as nitrogen oxides (NO, NOx) and black carbon (p > 0.05) or weather parameters including wind speed, wind direction, humidity, temperature, and precipitation (p > 0.05).
Correlations of average traffic speed and TRWP PM2.5 by city were evaluated for London and Tokyo. There were no significant correlations between TRWP and vehicle speed for either the London (p = 0.245) or Tokyo (p = 0.389) sampling sites. For London, the correlation coefficient for TRWP versus vehicle speed is −0.229 with a 95% confidence interval (CI) of −0.544 to 0.158. For Tokyo, the correlation coefficient for TRWP versus vehicle speed is −0.231, with a 95% CI of −0.652 to 0.299. Similarly, correlations of daily traffic counts and TRWP PM2.5 by city were also evaluated; however, there was no significant correlation. For London, the correlation coefficient was 0.265 with a 95% CI of −0.136 to 0.592 (p = 0.198); for Tokyo, the correlation was 0.407 with a 95% CI of −0.158 to 0.771 (p = 0.15), and for LA, correlation was 0.607 with a 95% CI of −0.592 to 0.970 (p = 0.278). Similar findings regarding lack of correlation between traffic counts and PM2.5 have been reported in studies evaluating personal exposures to PM2.5, as well as ambient air concentrations at roadside [44, 45] .
Uncertainties
The data generated from this research provide an initial observation of TRWP in PM2.5 using methods that are specific to tire tread, however, they are site specific and may not be applicable more broadly given the small sample size and consequent low statistical power. The calculation of the TRWP concentration involves the assumption of 50% of the polymer in the tread and 50% of tread in the TRWP. However, the 50% assumption of tread in the TRWP is based on the characterization of bulk TRWP in the size range of 0-150 µm. As such, the composition of the <10 µm fraction has not been specifically characterized. It is currently unknown if the use of the 50% tread assumption overestimates or underestimates that composition in the <10 µm particles. Previously, the tire wear contribution to the PM2.5 fraction was evaluated using Aerosol Time-of-Flight Mass Spectrometer (ATOFMS) and the researchers concluded that there was both a pavement and tread component, although the researchers did not have a quantitative estimate of the amounts [49] . More recently, roadside airborne particulate in the 10-80 µm range was characterized using SEM EDX and the researchers concluded that the amount of pavement encrustation of the surface area of the 'tire core' (i.e., tread) ranged from approximately 10% to more than 50% [9] . As such, more research may be needed to refine TRWP composition in the PM10 and PM2.5 fractions. Additionally, although all roads near the sampling sites in this study were made of asphalt, the surface features of the pavements can vary based on local construction requirements including the type of aggregate used in the asphalt mix. As such, specific pavement characteristics may influence the generation of TRWP. However, location specific pavement information was not available and therefore has not been assessed in this study. Lastly, the seasonal variability of TRWP in ambient air is not discernable from this dataset because the samples were only collected during one season at each location. Given that ambient air PM source contribution can vary seasonally, the contribution of TRWP may be higher or lower than that measured in this study. Future research would benefit from larger sampling campaigns designed to characterize TRWP in PM2.5 at a variety of locations, alongside faster roads, and over various seasons.
Conclusions
TRWP in the ambient air is measurable in both the ambient air PM2.5 and PM10 fractions using chemical markers specific to the polymer portion of the particles. The overall low contribution of TRWP to the PM2.5 that has been reported in the literature was also observed in the measurements made in this study; albeit this dataset indicated much lower absolute percentage contributions. Nevertheless, additional sampling for TRWP in the ambient air would be helpful to establish a more robust dataset for characterizing the non-exhaust emissions contribution to ambient air particulate from tire wear.
